Energy-coupling factor (ECF) transporters are a family of primary active membrane transporters for the uptake of essential micronutrients, such as vitamins and trace metals 1 . Found exclusively in bacteria and archaea, ECF transporters were initially identified in bacteriological experiments on Lactobacillus casei. These studies found that the ATP-dependent uptake of folate was decreased in the presence of the structurally unrelated thiamine 2-4 . Consequently, the authors proposed that distinct binding proteins for the respective vitamins, the S subunits, use a common means for coupling cellular energy to transport: the ECF. These observations in whole cells suggested that the ECF and the S subunit associate dynamically and that distinct S subunits compete for the same ECF module 4 . Similarly, the transport mechanism of ATP-binding cassette (ABC) importers involves dynamic association of the transmembrane subunits with a substrate-binding protein 5 .
a r t i c l e s
Energy-coupling factor (ECF) transporters are a family of primary active membrane transporters for the uptake of essential micronutrients, such as vitamins and trace metals 1 . Found exclusively in bacteria and archaea, ECF transporters were initially identified in bacteriological experiments on Lactobacillus casei. These studies found that the ATP-dependent uptake of folate was decreased in the presence of the structurally unrelated thiamine [2] [3] [4] . Consequently, the authors proposed that distinct binding proteins for the respective vitamins, the S subunits, use a common means for coupling cellular energy to transport: the ECF. These observations in whole cells suggested that the ECF and the S subunit associate dynamically and that distinct S subunits compete for the same ECF module 4 . Similarly, the transport mechanism of ATP-binding cassette (ABC) importers involves dynamic association of the transmembrane subunits with a substrate-binding protein 5 .
Roughly 30 years later, bioinformatics and biochemical studies 1, 6 have determined that the active transporter is formed by a high-affinity integral-membrane substrate-binding subunit (EcfS) in complex with an ECF composed of a transmembrane coupling subunit (EcfT) and two homologous ABC ATPases (EcfA and EcfA′) 6 . As a result, ECF transporters can be considered to be a unique subfamily within the ABC-transporter superfamily of ATP-dependent pumps 7, 8 . In group I ECF transporters, the four subunits form a dedicated complex for the uptake of a single substrate, as typified by the biotin transporter from Rhodobacter capsulatus 6 . In contrast, S subunits for distinct substrates share a common ECF module in the group II members 1 . For example, in Lactococcus lactis, S subunits for eight different vitamins use the ECF-transporter platform to import their substrates 9 . In both groups, ATP-driven conformational changes in the ECF module are presumably coupled to binding and release of the substrate from EcfS.
The first crystal structures of a complete ECF transporter [10] [11] [12] revealed that the EcfA′, EcfA, EcfT and EcfS subunits associated in a 1:1:1:1 ratio, as anticipated from solution studies on ECF transporters from L. lactis 9 . The nucleotide-free EcfAA′ ATPase subunits were observed in an open conformation. EcfT displayed a new L-shaped fold, with a parallel bundle of five transmembrane (TM) helices roughly perpendicular to three cytoplasmic helices (CH1-CH3). The S subunit in each structure interacted exclusively with EcfT. Unexpectedly, the substrate-binding site faced the cytoplasm, as if the entire EcfS subunit had been 'toppled' from an extracellular-facing, substrate-capturing orientation. As a result, these crystal structures may have captured a post-translocation state in which nucleotides had dissociated and the transport substrate had been released into the cytoplasm.
The ECF-transporter structures suggested a new mechanism for active translocation of a small molecule across the lipid bilayer 13, 14 . Instead of opening a transient pathway for substrate at the EcfS-EcfT interface, ECF transporters appear to couple the binding and hydrolysis of ATP to rotation of EcfS through the membrane at the subunit interface. Although these crystal structures were consistent with the available data on ECF-transporter assembly 9, [15] [16] [17] , there is no biochemical evidence supporting this 'toppling' mechanism. Furthermore, for EcfS to capture substrate, the subunit must reorient to expose the substrate-binding site to the extracellular space. Potentially, ATP binding could cause reorientation of EcfS to an extracellular-facing state, thus leading to substrate capture within an intact transporter complex. Alternatively, ATP binding could drive dissociation of the S subunit from the ECF module, which would be followed by substrate binding by EcfS in isolation. Given these two disparate hypotheses, we set out to determine the role of ATP binding and the mechanism of substrate capture by an ECF transporter. a r t i c l e s
RESULTS
We expressed and purified a stable complex between the EcfAA′T ECF module and the riboflavin-binding S subunit, RibU, from the human pathogen L. monocytogenes (Lm). Unlike solitary RibU 18, 19 , the LmECF-RibU complex did not copurify with the riboflavin transport substrate, as evidenced by the lack of absorbance in the range of 400-500 nm. In detergent solution, LmECF-RibU eluted in sizeexclusion chromatography (SEC) as a single sharp, symmetrical peak (Supplementary Fig. 1a) . Analysis of this sample by multiangle laser light scattering 20 indicated a molecular mass of 117 ± 3.9 kDa (mean ± s.d.) for the protein component of the protein-detergent complex (Supplementary Fig. 1b ). An LmECF-RibU complex containing one copy of each subunit has a predicted molecular mass of ~116 kDa with individual subunit masses of 31.3, 32.0, 30.2 and 22.7 kDa for EcfA′, EcfA, EcfT and RibU, respectively. Therefore, these data are consistent with the 1:1:1:1 subunit stoichiometry that was previously observed in the purified L. lactis ECF transporters 9 and the crystal structures [10] [11] [12] .
The S subunit is in a toppled conformation in LmECF-RibU In the toppled conformation observed in the previous ECF transporter crystal structures [10] [11] [12] , the extracellular loops that connect TM helices TM3 and TM4 (loop 3-4) and TM5 and TM6 (loop 5-6) of EcfS are buried at the interface with EcfT. Loop 1-2, which encloses the bound substrate in the S-subunit crystal structures 15, 19, 21 , has retracted to expose the substrate-binding site to the cytoplasm. In order to determine whether the S subunit in LmECF-RibU also adopts a toppled orientation in the nucleotide-free state, we determined the solvent accessibility of the extracellular loops of RibU both in isolation and in the complete transporter complex (Supplementary Note 1) . Because wild-type (WT) LmRibU lacks cysteine residues, we introduced a single cysteine into two positions in each of the three extracellular loops. Subsequently, we determined the solvent exposure of these sites via reaction with the thiol-reactive fluorophore tetramethylrhodamine-5-malemide (TMRM) 22, 23 . An LmRibU homology model (Fig. 1a) suggested that all of these sites would react with TMRM. Concordantly, the purified LmRibU L29C and P34C mutants in loop 1-2 readily reacted with the probe in solution (Fig. 1b and  Supplementary Fig. 2) . Similarly, cysteine substitutions of Ser72 and Ser74 in loop 3-4 and Ile137 and Gly140 in loop 5-6 were also solvent accessible in LmRibU (Fig. 1b) . For a negative control, we measured the accessibility of the cysteine mutant of Leu25, which is located in TM1 and should be shielded from the detergent micelle in solution. Consistently with this, the L25C mutant displayed reduced TMRM reactivity compared to that of the mutant with the most accessible substituted cysteine in each extracellular loop. However, the origin of the detailed accessibility differences within these loops will need to be addressed by further investigation.
While bound to the ECF module in the complete transporter complex (Fig. 1c) , the extracellular loops of LmRibU (Fig. 1c) displayed a dramatically different pattern of TMRM accessibility. The labeling of S72C and S74C in loop 3-4 and I137C and G140C in loop 5-6 was reduced by two orders of magnitude in the complex of LmRibU with the ECF module ( Fig. 1d and Supplementary Fig. 3) . The L25C and P34C mutants in loop 1-2 reacted with TMRM, but the labeling of P34C was reduced by ~80% in the full transporter compared to riboflavin-bound LmRibU in isolation. This observation is consistent with the increased mobility of loop 1-2 in the substrate-free conformation [10] [11] [12] 24 . Although these data do not define the relative orientation of RibU in the transporter complex, the pattern of labeling is completely consistent with the ECF-transporter crystal structures in which loops 3-4 and 5-6 of EcfS are buried at the interface with EcfT while loop 1-2 is solvent exposed in the cytoplasm (Fig. 1c) . In addition, results from a mutational study that probed the EcfT-EcfS interface were consistent with the available ECF-transporter structures 12 . When taken together, our findings suggest that in the absence of nucleotide and transport substrate, LmECF-RibU is predominantly in the ATPase-open, toppled conformation.
Crystal structure of EcfAA′ bound to AMP-PNP We previously determined the structure of the EcfAA′ heterodimer from Thermotoga maritima (TmEcfAA′) bound to the hydrolysis product, ADP (Fig. 2a) . The structure revealed the ATPase domains in an open conformation, in which the heterodimer associates via the C-terminal subdomains 25 . To gain insight into the role of ATP binding in ECF transporters, we determined the structure of TmEcfAA′ in the presence of the nonhydrolyzable ATP analog AMP-PNP to a resolution of 3.0 Å ( Table 1) . In this structure, AMP-PNP binding caused a transition to a closed conformation in which two AMP-PNP molecules are buried between the P loop and the LSGGQ motifs in each subunit (Fig. 2b) . Relative to the ADP-bound, open conformation, the two ATPase domains undergo an ~5-Å translation toward each other to form the closed state. This AMP-PNP-driven domain closure mirrors that observed in other ABC-type ATPases, such as the MalK homodimer of the Escherichia coli maltose transporter [26] [27] [28] .
In order to perform productive mechanical work, the ATP-driven transition in EcfAA′ must be coupled to conformational changes in EcfT. ECF-type ATPases share a structural motif called the Q helix, which is located between the core and helical subdomains 25 . This motif consists of a short helix containing an invariant glutamine, with the consensus sequence of xPD/ExQφ (with φ denoting a hydrophobic residue and 'x' denoting any amino acid). In the previous ECF transporter crystal structures, the Q helices of EcfA and EcfA′ directly interact with the EcfT coupling helices CH2 and CH3, respectively [10] [11] [12] . 
npg a r t i c l e s
In our open ATPase structures, the Q helices are ~12 Å apart and do not contact the nucleotide (Fig. 2c , Supplementary Table 1 and Supplementary Note 2). In contrast, this distance is reduced to 7 Å in the closed structure of TmEcfAA′, and the Q helices directly interact at the subunit interface (Fig. 2d) . Glu88 and Asp89 of EcfA and Asn80 and Ser82 of EcfA′ form a local cluster of hydrogen bonds at the center of the dimer. Consequently, the Q helices are responsible for attachment to the coupling helices as well as stabilization of the ATP-bound, closed state. Given the extensive interface between the EcfT coupling helices and the ATPase subunits 10, 11 , the ATP-driven domain closure of EcfAA′ may produce a substantial movement of the attached CH2 and CH3. To investigate this hypothesis, we placed the nucleotidefree ECF folate-transporter structure 10 in the closed conformation captured in AMP-PNP-bound TmEcfAA′ (Fig. 2e) . This modeling exercise suggests that upon ATP binding to form the closed state, CH2 and CH3 slide along one another while maintaining contact with the Q helices. Therefore, instead of closing like a pair of scissors 13 , ATP binding pushes CH2 and CH3 past each other. Because EcfS sits directly on top the coupling helices in the crystal structures, this conformational transition may disrupt the interaction with EcfT (Fig. 2f) . Thus, the ATP-bound state of the ECF module may have reduced affinity for the S subunit, and consequently EcfS could either reorient toward the extracellular space or dissociate from the ECF module altogether. Upon ATP hydrolysis, which is required for transport 25 , the ATPase domains would return to the open state observed in the crystal structures (Fig. 2a) .
Trapping the ATP-bound closed conformation of LmECF-RibU
The TmEcfAA′ crystal structures suggest that ATP binding may be coupled to dissociation of the S subunit from the ECF module. In order to test this hypothesis in the complete transporter, it is essential to separate the roles of ATP binding and ATP hydrolysis. Therefore, we conducted a series of experiments to trap an ECF transporter in the ATP-bound, prehydrolysis conformation. In detergent solution, purified LmECF-RibU hydrolyzes ATP with a maximal reaction velocity (V max ) of 1,150 ± 28 nmol/min/mg protein, with a K m of 165 ± 16 µM (Fig. 3a) . In proteoliposomes, LmECF-RibU hydrolyzed ATP with a V max of 488 ± 67 nmol/min/mg, approximately 50% of the activity observed in detergent (Fig. 3b) . Because the transporter probably inserts into the membrane in a random orientation upon reconstitution, only one-half of the transporter molecules will be available to hydrolyze the externally added ATP in this assay. These data along with the monodispersity of our transporter preparation (Supplementary Fig. 1 ) indicate that the purification of LmECFRibU in detergent does not affect the activity of the transporter.
Because AMP-PNP and vanadate were poor inhibitors of LmECF-RibU ATPase activity (Fig. 3b, Supplementary Fig. 4 and Supplementary Note 3), we used a mutational strategy to arrest the transporter in the ATP-bound, prehydrolysis conformation. Previous studies have established that an invariant histidine in the H loop (or 'switch loop') is essential for ATP hydrolysis in ABC-type ATPases [29] [30] [31] . In crystal structures of the ATP-bound state, this histidine directly contacts the γ-phosphate of ATP (Fig. 3c) . Mutation of this residue to alanine in the α-hemolysin ABC transporter, HlyB, has been shown to abolish the ATPase activity without decreasing the ATP binding affinity 29 . As a result, binding of Mg-ATP to this H-loop mutant traps the ATPase domains in a closed, dimeric, prehydrolytic state 32, 33 . Thus, to construct a hydrolysis-deficient mutant of an ECF transporter, we mutated both His199 of LmEcfA′ and His204 of LmEcfA to alanine to generate a dual H-loop mutant (H199′A H204A, with prime symbol denoting residues from the EcfA′ subunit). These mutations reduced the ATPase activity of purified LmECF-RibU to the background levels observed in the absence of the Mg 2+ cofactor (Fig. 3b) . Importantly, the H-loop mutations did not have an adverse effect on the stability of the transporter complex (Supplementary Fig. 5 ). Therefore, we had successfully isolated an ATPase-deficient ECF transporter that was stable in detergent solution.
ATP binding drives RibU dissociation from the ECF module
Our structural data suggest that ATP binding to the nucleotide-free transporter disrupts the tight interaction between the ECF module and the inward-facing S subunit. To investigate this hypothesis, we tested the effect of different nucleotides on the oligomeric state of both the WT and hydrolysis-deficient LmECF-RibU transporters 
In the absence of nucleotide, the WT transporter eluted as a single symmetrical peak during analytical SEC (Fig. 4a) .
Preincubation of the sample with the hydrolysis product Mg-ADP did not have a detectable effect on the stability of the transporter complex. This result is consistent with the previous structural data, in which the nucleotide-free and ADP-bound states of the transporter adopt a similar ATPase-open conformation 10-12,25,34 with a 1:1:1:1 subunit stoichiometry (ref. 9 and Supplementary Fig. 1) . Similarly, Mg-ATP, which is readily hydrolyzed by the WT protein (Fig. 3a) , did not alter the quaternary structure of the transporter in this assay (Fig. 4a) .
In the absence of nucleotide or upon incubation with Mg-ADP, the ATP hydrolysis-deficient H199′A H204A mutant behaved identically to the WT protein in SEC. In contrast, binding of Mg-ATP resulted in a dramatic change in the SEC profile, whereby the transporter peak dissociated into two peaks (Fig. 4b) . Notably, the position of the second peak corresponds to the elution profile of solitary LmRibU, and it is too large to be the EcfAA′ heterodimer (Fig. 4a) . As a result, these data indicate that the AMP-PNP-driven domain closure observed in the TmEcfAA′ crystal structures is coupled to disruption of the EcfS-EcfT interface, which in turn leads to dissociation into the EcfAA′T subcomplex and free RibU.
To verify that ATP binding is responsible for dissociation of the S subunit from the ECF module, we varied the Mg-ATP concentration during the incubation step with the H199′A H204A mutant before performing analytical SEC. As expected, the height of the RibU peak increased with Mg-ATP concentration, whereas the height of the LmECF-RibU peak decreased (Fig. 4c) , a result consistent with Mg-ATP binding promoting dissociation of the S subunit. Analysis of these data indicates a K d of 101 ± 19 µM for Mg-ATP binding, which is in agreement with the K m of ATP hydrolysis by LmECF-RibU (Fig. 4d) .
Free RibU captures the riboflavin transport substrate
Our analysis of the quaternary structure of LmECF-RibU indicates that ATP binding disrupts the tight complex between the ECF module and the RibU S subunit. This observation suggests that the S subunit may capture transport substrate in isolation and dynamically associate with the ECF module during the membrane transport cycle. To test this hypothesis, we monitored binding of riboflavin (vitamin B2) to LmECF-RibU by using vitamin B2's intrinsic fluorescence in fluorescence size-exclusion chromatography (FSEC) 35 . Preincubation of the H199′A H204A mutant of LmECF-RibU with riboflavin had no effect on the oligomeric state of the transporter (Fig. 4e) , and we detected no evidence of riboflavin binding in the FSEC trace (Fig. 4f) . In contrast, preincubation with riboflavin plus Mg-ATP to drive RibU dissociation (Fig. 4e) revealed a riboflavin fluorescence signal associated with the free RibU peak (Fig. 4f) . Consequently, upon ATP-driven ejection from the ECF module, the free S subunit binds the transport substrate. Indeed, multiple studies have indicated that S subunits display higher substrate binding affinity in isolation from the ECF module 18, 21, 36, 37 . We also found that AMP-PNP binding to WT LmECF-RibU releases RibU from the ECF module (Supplementary Fig. 4b) . However, this effect requires higher concentrations of AMP-PNP, as expected from the relatively low K i (Supplementary Fig. 4a ). Importantly, we detected riboflavin binding to only the dissociated RibU S subunit and not to the full transporter ( Supplementary Fig. 4b,c) . Therefore, these data are inconsistent with a mechanism of ATP-driven cycles of EcfS toppling within the transporter complex. Instead, our results suggest a 'release-and-catch' mechanism, whereby ATP binding dissociates the complex between the ECF module and RibU, thus allowing the released S subunit to capture substrate from the extracellular environment.
S-subunit competition for the ECF module is Mg-ATP dependent
The modularity of group II ECF transporters raises the possibility that a specific EcfAA′T exchanges different S subunits during the npg a r t i c l e s transport cycle. We tested whether LmECF-RibU could exchange one S-subunit molecule for another (experimental approach described in Supplementary Fig. 6 ). We incubated equimolar mixtures of WT LmECF-RibU and TMRM-labeled RibU (hereafter referred to as RibU*) with no nucleotide, Mg-ADP or Mg-ATP and analyzed the samples by FSEC (Fig. 5a,b) . As expected, RibU* displayed a single FSEC peak, whereas LmECF-RibU was not fluorescent at these wavelengths (Fig. 5b) . However, a fluorescent peak corresponding to the full transporter was present after incubation with Mg-ATP, thus suggesting that during the binding and hydrolysis of ATP, RibU* replaced the endogenous RibU subunit in the ECF module. Because the elution position of the transporter did not change (Fig. 5a) , we ruled out the possibility of spurious incorporation of additional copies of RibU* into LmECFRibU. Furthermore, we also excluded the possibility that the observed FSEC peak was due to transfer of the label between RibU* and LmECF-RibU (Supplementary Fig. 7) . Examination of the FSEC peak by SDS-PAGE and fluorescence scanning (Fig. 5c) indicated that the endogenous RibU had exchanged for RibU*. Our release-and-catch model predicts that S-subunit exchange by the ECF module depends on the amount of available EcfS. We found that increasing the RibU* concentration in the ATP-dependent exchange reaction with LmECF-RibU leads to saturation of the ECF module, with a maximal binding capacity (B max ) of 41.7 ± 9.6 pmol and an apparent K d for RibU* of 6.4 ± 2.3 µM (Fig. 5d) . The saturation of the binding curve agrees with the amount of injected LmECF-RibU, because 100% recovery from the column would correspond to 45 pmol of transporter (Online Methods). Notably, the affinity of the ECF module for RibU is ~1,000-fold lower than the K d of isolated RibU for the riboflavin transport substrate 18 . In this way, a release-and-catch transport mechanism exploits the high substrate binding affinity of EcfS, whereas the lower intersubunit affinity would facilitate S-subunit competition. However, the EcfAA′T-EcfS interaction may be of higher affinity in vivo because the membrane environment would confine the diffusion between the subunits to two dimensions.
A transport model involving EcfS exchange predicts that S subunits for different vitamins will compete for the ECF module, and such competition has been suggested by vitamin-uptake experiments 4 and copurification experiments from native hosts 9 . To investigate S-subunit competition in vitro, we purified a polyhistidine-tagged variant of the thiamine-binding S subunit from L. monocytogenes, ThiT, and determined the amount of RibU* exchange in the presence of increasing concentrations of ThiT. We found that the ATP-dependent S-subunit exchange by LmECF-RibU is inhibited in the presence of ThiT in a concentration-dependent manner (Fig. 5e) , thus suggesting that ThiT binds the ECF module in place of RibU*. To test this hypothesis, we collected the fluorescent transporter peak fraction from an experiment in Figure 5e and visualized the contents by western blotting for the polyhistidine tag on ThiT (Fig. 5f) . These data show that ThiT had been incorporated into the transporter, accounting for the reduced exchange of RibU*. These findings explain the in vivo observations on S-subunit competition for the ECF module for which the ECF transporters were named. a r t i c l e s S subunits exchange with the ATP-bound ECF module Our data indicate that LmECF exchanges S subunits by an ATPdependent mechanism. Because ATP binding is coupled to dissociation of the substrate-free, toppled RibU S subunit (Fig. 4b) , we tested whether this ATP-bound conformation could bind to a distinct substrate-bound S subunit. We incubated equimolar mixtures of H199′A H204A LmECF-RibU and RibU* with no nucleotide, Mg-ADP or Mg-ATP, and we analyzed the samples by FSEC. Only Mg-ATP binding, which traps this mutant in the ATP-bound, closed state, led to incorporation of RibU* in this assay (Fig. 6a) . Increasing the RibU* concentration led to saturation of the ATP-bound ECF module, with a B max of ~25 pmol and an apparent K d for RibU* of ~8 µM (Fig. 6b) . Consequently, these data demonstrate that the ATP-bound ECF module can bind to a distinct substratebound S subunit.
DISCUSSION ATP binding drives substrate capture by S-subunit dissociation
Although EcfS subunits exhibit high binding affinity for the transport substrate in isolation 18, 19, 21, 36, 37 , several lines of evidence have indicated that this affinity is reduced in complete ECF transporters. First, although isolated S subunits copurify with their respective transport substrates 15, 18, 19, 21 , complete ECF transporters do not [9] [10] [11] [12] 25 . Second, attempts to cocrystallize the Lactobacillus brevis ECF transporters with substrate by multiple laboratories were unsuccessful [10] [11] [12] . Third, we observed no evidence of high-affinity substrate binding by the LmECF-RibU transporter (Fig. 4f) . However, in vivo ECFmediated folate uptake showed a K m of ~40 nM, which is consistent with the high binding affinity of a solitary S subunit 3 . Our findings resolve these contrasting mechanistic details by demonstrating that ATP binding drives dissociation of the S subunit from the ECF module. Once free from the ECF module, RibU binds the riboflavin transport substrate (Fig. 4e,f) . These results define the role of ATP binding and explain how ECF transporters capture the transport substrate from the extracellular milieu.
S subunits compete for the ECF module
We have found that ATP binding induces a conformation of the ECF module that allows exchange of S subunits. Although this state has reduced affinity for the toppled S subunit relative to the nucleotide-free conformation (Fig. 4b) , it can readily bind to a distinct substratebound EcfS protein (Fig. 6) . Indeed, the competition of S subunits for the ECF module is substrate dependent in vivo; this suggests that substrate-bound and substrate-free S components have different affinities for the ECF module 4, 14 . The large conformational change of loop 1-2 upon substrate binding 24 could present a unique surface for interaction with EcfT compared to an empty EcfS. Similarly, the maltose-binding protein undergoes an open-to-closed transition upon substrate binding, and this closed state stimulates ATP hydrolysis of the maltose ABC transporter 38, 39 . Therefore, this release-and-catch mechanism would maximize the efficiency of transport through the selective recognition of substrate-loaded EcfS by the ECF module. In addition, through the regulated expression of specific S subunits 37, [40] [41] [42] , cells could readily adapt to differences in substrate availability while using a single transporter platform.
Transport mechanism for group II ECF transporters
The available structural, biochemical and bacteriological data suggest a membrane transport mechanism for group II ECF transporters (Fig. 7) . In the absence of nucleotides and transport substrate, the transporter adopts an ATPase-open conformation, in which the substrate-binding site of EcfS is open to the cytoplasm. This state has been captured in crystal structures of the L. brevis ECF module in complex with three different S subunits [10] [11] [12] , and it is supported by our accessibility studies of LmECF-RibU (Fig. 1) . ATP binding to EcfA and EcfA′ drives a transition to the closed state, as observed in the TmEcfAA′ crystal structures (ref. 25 and Fig. 2 ). This conformational change slides the EcfT coupling helices along each other to disrupt the interaction with EcfS (Fig. 2f) , although other motions of the coupling helices could achieve the same effect 12 . Destabilization of the tight interaction between the ECF module and the inward-facing S subunit leads to dissociation of EcfS (Fig. 4b) . In the membrane, the released EcfS could reorient toward an outward-facing state; this movement would be driven by the membrane potential, owing to the Figure 7 Proposed mechanism of group II ECF transporters. ATP binding (1) to the empty, toppled transporter closes the EcfAA′ heterodimer, thus sliding the EcfT coupling helices (yellow rods) apart. This conformational change releases EcfS (2), which assumes an extracellular-facing orientation in the membrane. Upon transport-substrate binding (3), EcfS associates with the ECF module (4). Subsequently, ATP hydrolysis (5) opens the ATPase dimer, potentially leading to toppling of EcfS and release of substrate into the cytoplasm (6) . Ecf subunits A (blue), A′ (orange), T (yellow) and S (green) are labeled. npg a r t i c l e s positive-inside rule for membrane-protein topology 43 . Subsequently, isolated EcfS binds the transport substrate with high affinity (refs. 18,36 and Fig. 4f ) with loop 1-2 enclosing the substrate 24 . Upon association of substrate-bound EcfS and EcfAA′T (Figs. 5 and 6) , ATP is hydrolyzed 25 , thus leading to opening of the ATPase dimer and an uncharacterized motion of the coupling helices that results in EcfS toppling toward the cytoplasm. Withdrawal of loop 1-2 from the binding site releases the transport substrate into the cytoplasm. Although toppling has not been observed, such a dramatic subunit reorientation within the membrane would represent a new mechanism for substrate translocation.
METhODS
Methods and any associated references are available in the online version of the paper.
Accession codes. Atomic coordinates and structure factors for the crystal structure of the AMP-PNP-bound EcfAA′ heterodimer from T. maritima have been deposited in the Protein Data Bank under accession code 4ZIR.
5 mM DTT. Next, 2 mM of the respective nucleotide species was added to the protein mixture, and samples were incubated at 25 °C for 10 min. The samples were placed on ice and then promptly injected onto the HPLC system under the conditions described above. The position of RibU* was tracked by monitoring the TMRM fluorescence (λ ex = 520 nm; λ em = 580 nm) versus elution position form the column. To investigate the concentration dependence of exchange, 0.9 µM LmECF-RibU was mixed with varying concentrations of RibU* in the presence of 2 mM Mg-ATP for 10 min at 25 °C. The reactions were terminated by addition of 10 mM EDTA to stop ATP hydrolysis, and 50 µl of the sample was analyzed by FSEC. The assay was calibrated according to the FSEC peak areas of RibU* at known protein amounts (Supplementary Fig. 6b-d) . The amount of RibU* present in the transporter peak was determined by comparison of the FSEC peak area of this peak to the standard curve. This approach assumes that the quantum yield of the TMRM fluorophore attached to RibU* is similar in isolation and when bound to the ECF module.
For the ThiT competition experiments, 0.9 µM LmECF-RibU and 5 µM RibU* were mixed with varying concentrations of ThiT in the presence of 2 mM Mg-ATP and incubated for 10 min at 25 °C. The amount of RibU* present in the transporter peak was determined as described above.
